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Suppression of the acrosome reaction of sperm on fertilized oocytes inhibits sperm±oocyte binding and is considered one
of the three mechanisms responsible for polyspermy block in oocytes of the mussel Mytilus edulis (Togo et al., 1995).
When unfertilized oocytes were inseminated in the presence of aminopeptidase inhibitors and the fertilized oocytes were
inseminated again, neither the acrosome reaction nor sperm binding to fertilized oocytes were suppressed, suggesting that
aminopeptidase-like protease participates in suppression of the acrosome reaction. The supernatant solution obtained after
centrifuging a suspension of fertilized oocytes hydrolyzed aminopeptidase substrates, and these activities were inhibited
strongly or effectively by aminopeptidase inhibitors. When unfertilized oocytes were incubated with this supernatant
solution and inseminated, both the number of sperm bound and the acrosome reaction rate decreased, and these effects
were reversed by conducting this treatment in the presence of aminopeptidase inhibitors. These results suggest that
aminopeptidase-like protease released from the oocyte at fertilization affects the oocyte surface to suppress the acrosome
reaction and consequently inhibits sperm±oocyte binding. q 1997 Academic Press
INTRODUCTION and Wassarmann, 1989; Miller et al., 1993) and the perivi-
telline space of Xenopus oocytes (Lindsay and Hedrick,
Monospermic fertilization by preventing penetration of 1989; Lindsay et al., 1992) participate in the blockage and/
more than one sperm into an oocyte is a prerequisite for or loss of sperm-oocyte binding and the formation of the
normal development in many species. Fast and slow poly- fertilization envelope, or zona reaction. Glycosidase re-
spermy block mechanisms involving several different leased from oocytes following fertilization also contri-
strategies ensure monospermic fertilization. Fast block is butes to polyspermy block in ascidians (Lambert, 1986,
established by electrical changes on the plasma mem- 1989; Lambert and Goode, 1992; Matsuura et al., 1993).
brane (reviewed by Jaffe and Gould, 1985), whereas en- The oocytes of the mussel Mytilus edulis, as do those of
zymes released from oocytes at fertilization are consid- other species, have a dual system to ensure monospermic
ered to play roles in the slow block in several invertebrate fertilization; a fast electrical and a slow block (Togo et al.,
and vertebrate species: proteases and/or glycosidase re- 1995). The slow block involves two strategies that take over
leased from the cortical granules of the eggs or oocytes of after the membrane potential returns to a negative value:
the sea urchins (Schuel et al., 1973; Vacquier et al., 1973; one is established by modifying the oocyte surface, resulting
Glabe and Vacquier, 1978), Xenopus (Greve et al., 1985), in suppression of the acrosome reaction, and the other by
and mammals (Florman and Wassarmann, 1985; Moller preventing the fusion of oocyte and sperm plasma mem-
branes (Togo et al., 1995). However, the mechanism respon-
sible for suppression of the acrosome reaction in Mytilus1 To whom correspondence should be addressed. Fax: 0468-81-
7944. E-mail: togot@mmbs.s.u-tokyo.ac.jp. oocytes is still unknown. In this study, we showed that
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Sperm±oocyte binding assay. The sperm bound to the equato-aminopeptidase-like protease released from oocytes affected
rial region of each oocyte were counted under a Nomarski micro-the oocyte surface and suppressed the acrosome reaction,
scope (Nikon, OPTIPHOT). The absolute number of sperm boundresulting in inhibition of sperm±oocyte binding.
to the entire oocyte surface after insemination at a Rs/o of 5000 for
30 sec followed by ®xation was 104 (mean of four experiments).
At least 100 oocytes per sample were observed and the mean num-
MATERIALS AND METHODS ber of sperm bound per oocyte was compared to the control value
(see ®gure legends).
Acrosome reaction assay. Acrosome-intact and -reacted spermReagents. Peptidyl 4-methylcoumaryl-7-amido (MCA)2 prote-
of Mytilus can be distinguished easily under a Nomarski micro-ase substrates were purchased from Peptide Institute, Inc. (Japan),
scope. The heads of acrosome-intact sperm are pear-shaped andand the protease inhibitors, aprotinin, bestatin, chymostatin, 3,4-
after the acrosome reaction, become round (see Togo et al., 1995).dichloroisocoumarin (3,4-DIC), E-64, pepstatin, N-tosyllysine chlo-
Acrosome-intact sperm are removed easily from oocytes when ®x-romethyl ketone (TLCK) and N-tosylphenylalanine chloromethyl
ative is added, indicating that they cannot bind to the oocyte (Togoketone (TPCK) were obtained from Boehringer Mannheim (Ger-
et al., 1995). Furthermore, bound acrosome-reacted sperm are de-many). 1,10-Phenanthroline (phenanthroline) was from Dojindo
tached from oocyte surface within a few minutes (not shown).Lab. (Japan), phenylmethylsulfonyl ¯uoride (PMSF) was from Naca-
Thus, for counting acrosome-intact and -reacted sperm, an appro-lai Tesque, Inc. (Japan), actinonin, amastatin, and leupeptin were
priate volume of the suspension containing both sperm and oocytefrom Peptide Institute, Inc., and soybean trypsin inhibitor (SBTI)
was mounted on the glass slide, and the number of acrosome-re-was from Sigma Chemical Co. (U.S.A.).
acted and -intact sperm in randomly selected ®elds under the mi-Gametes. Specimens of the mature mussel M. edulis were col-
croscope were counted.lected from November to May in the vicinity of Misaki Marine
Preparation of the fertilization product. In this study, the termBiological Station, The University of Tokyo (Kanagawa Prefecture),
``fertilization product'' (FP) is used to describe the supernatant solu-and Asamushi Marine Biological Station, Tohoku University (Aom-
tion of seawater containing fertilized oocytes, which possibly con-ori Prefecture), and kept in aquaria at 107C. Spawning of oocytes
tained the factor released from oocytes at fertilization. Crude FPand sperm was induced by transferring the mussels to warm natural
was obtained as follows. Settled oocytes (1 vol) were suspended inseawater (NSW) at 257C, and when they started spawning, they
were returned to NSW at 107C. The oocytes were washed several FNSW (9 vol) and inseminated. Then the suspension was centri-
times with ®ltered NSW (FNSW). Concentrations of oocyte in the fuged gently with a hand centrifuge 10 min after insemination
suspensions were determined by counting the number of oocytes to the remove oocytes, and the resulting supernatant was ®ltered
sucked into 5-ml glass capillary tubes. The concentrations of sperm through a Milipore ®lter (pore size 0.45 mm) to remove the sperm.
in the suspensions were determined using a hemacytometer by As a control, sperm were added to the supernatant solution of a
counting the number of sperm ®xed with 1% v/v formaldehyde in suspension of unfertilized oocytes, and then the mixture was ®l-
FNSW. The sperm±oocyte ratio (Rs/o) in the medium at insemina- tered to remove the sperm and ®ltrate was designated the superna-
tion was an absolute ratio. tant solution of unfertilized oocytes (sup of UF). In this experiment,
Fertilization was considered to have occurred when the resump- oocytes were activated by adding sperm, because oocytes activated
tion of meiosis and ®rst cleavage were observed: when fertilization by ionophore were found to arrest again at the second metaphase
did not occur, polar body extrusions and ®rst cleavage were not of meiosis and were still fertilizable (Dufresne-DubeÂ et al., 1983).
observed. The inseminated samples were observed under a Nomar- The crude FP and sup of UF were stored at 0807C until use. They
ski microscope (Nikon, OPTIPHOT) at, or just prior to the ®rst were concentrated to the required concentrations using Centricon-
cleavage (about 90 min after insemination at 207C), and polyspermy 10 (Amicon).
was scored. Polyspermic oocytes contained multiple male pronu- Preparation of the acrosome reaction product. Acrosome reac-
clei, and if cleavage occurred, it resulted in more than two cells. tion was arti®cially induced by adding 10% v/v 0.33 M CaCl2 to
At least 100 oocytes per sample were observed. the sperm suspension (Tamaki and Osanai, 1985). The CaCl2-added
Re-insemination experiments. Unfertilized oocytes were incu- sperm suspension was centrifuged with 10,000g for 10 min at 47C,
bated with various protease inhibitors or substrates for 10 min and then the supernatant solution was dialyzed against FNSW to re-
inseminated at a Rs/o of 1000. They were washed with FNSW 10 move excess CaCl2, and the resulting solution was designated the
min after insemination and inseminated again (re-inseminated) at acrosome reaction product.
a Rs/o of 5000 and 3000 for the sperm±oocyte binding and acrosome Treatment of oocytes with the fertilization product. Unfertil-
reaction assays, respectively. The re-inseminated oocytes were ized oocytes were incubated with various concentrations of the FP
®xed with 1% v/v formaldehyde in FNSW 30 sec and 5 min after re- for 10 min (®nal oocyte concentration, 3000/ml), washed with
insemination for the sperm±oocyte binding and acrosome reaction FNSW three times, and then inseminated at a Rs/o of 5000 and 3000
assays, respectively. for sperm±oocyte binding and acrosome reaction assays, respec-
tively.
Fluorometric measurement of hydrolytic activity. The re-
quired peptidyl MCA substrate (10 mM in dimethyl sulfoxide as a2 Abbreviations used: AMC, 7-amino-4-methylcoumarin; Boc, t-
stock) was added to the crude FP or acrosome reaction product tobutyloxycarbonyl; 3,4-DIC, 3,4-dichloroisocoumarin; FP, fertiliza-
produce a ®nal concentration of 10 mM, and the mixture was incu-tion product; FNSW, ®ltered natural seawater; MCA, 4-methyl-
bated in the presence or the absence of a protease inhibitor for 30coumaryl-7-amido; NSW, natural seawater; PMSF, phenylmethyl-
min at 257C. The enzyme activity was determined by measuringsulfonyl ¯uoride; Rs/o , sperm±oocyte ratio; SBTI, soybean trypsin
the ¯uorescence due to the one of the reaction products, 7-amino-inhibitor; Suc, succinyl; TLCK, N-tosyllysine chloromethyl ketone;
TPCK, N-tosylphenylalanine chloromethyl ketone. 4-methylcoumarin (AMC), at excitation and emission wavelengths
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of 380 and 460 nm, respectively, using a Hitachi 650-10S ¯uores-
cence spectrophotometer.
RESULTS
Effects of Protease Inhibitors and Substrates on the
Inhibition of Sperm±Oocyte Binding
When monospermic oocytes were re-inseminated, the
number of sperm bound to the re-inseminated oocytes was
lower (``no inhibitors'' in Fig. 1) than the initially insemi-
nated (``initial insemination'' in Fig. 1) oocytes (see also
Togo et al., 1995). All the bound sperm after re-insemina-
tion were acrosome reacted (not shown; see Togo et al.,
1995), indicating that sperm binding after re-insemination
was identical to that after the initial insemination. Mo-
nospermic fertilizations occurred when unfertilized oocytes
were inseminated in the presence of all the protease inhibi-
FIG. 2. Effects of various concentrations of aminopeptidase inhib-tors tested, except TPCK, 3,4-DIC, and phenanthroline (see
itors on the inhibition of sperm±oocyte binding. Unfertilized oo-below). When these monospermic oocytes were re-insemi-
cytes were incubated with various concentrations of amastatin (l)
nated in the absence of protease inhibitors, two different or bestatin (h) and then inseminated. Procedures for re-insemina-
tion, counting of sperm bound to the oocyte, and de®nition of rela-
tive sperm binding are as described in the legend to Fig. 1.
results were obtained. The number of sperm bound to the
re-inseminated oocytes was lower than to initially insemi-
nated oocytes and was similar to that in the absence of
inhibitors (``no inhibitors'' in Fig. 1) when the initial insemi-
nation was conducted in the presence of aprotinin (2 mg/
ml), chymostatin (100 mM), E-64 (10 mM), pepstatin (1 mM),
PMSF (1 mM), SBTI (1 mg/ml), and TLCK (100 mM). How-
ever, when oocytes were initially inseminated in the pres-
ence of amastatin and bestatin, and then re-inseminated
in their absence, the number of sperm bound to the re-
inseminated oocytes was almost same as that to the ini-
tially inseminated oocytes (Fig. 1). These results suggest
that aminopeptidase-like protease is involved in the inhibi-
tion of sperm±oocyte binding after fertilization. TPCK (100
mM) inhibited fertilization by inhibiting sperm motility, and
3,4-DIC (100 mM) and phenanthroline (1 mM) did so due to
undetermined effects (data not shown). As phenanthroline
inhibits gamete fusion or membrane fusion at acrosome
reaction in the sea urchin and ascidian (Farach et al., 1987;
FIG. 1. Effects of various protease inhibitors on the inhibition of Roe et al., 1988; De Santis et al., 1992), failure of such
sperm±oocyte binding. Unfertilized oocytes were incubated with membrane fusion may occur in Mytilus oocytes treated
various protease inhibitors and inseminated. After washing, the with this agent.
fertilized oocytes were re-inseminated, and the number of sperm The number of sperm bound to the re-inseminated oo-
bound to the re-inseminated oocyte was counted after gametes were cytes was increased by 0 to 10 mM amastatin and bestatin
®xed. Relative sperm binding (mean { SEM of three experiments) (Fig. 2) and 0 to 100 mM Leu-MCA (Fig. 3) concentration-
is the ratio of the number of sperm bound to that when unfertilized
dependently. Finally, the number of sperm bound to the re-oocytes were inseminated. The effects of TPCK, 3,4-DIC, and phen-
inseminated oocytes, expressed as relative sperm binding,anthroline could not be determined because fertilization did not
recovered to close to the control level (designated 1.00)occur. Note that only the aminopeptidase-speci®c inhibitors, amas-
when fertilized oocytes were obtained in the presence of 10tatin and bestatin, prevented the establishment of polyspermy
block. mM amastatin (0.93 { 0.07, n  3), 10 mM bestatin (0.81 {
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0.07, n  3), and 100 mM Leu-MCA (0.77 { 0.03, n  3) (see
also Fig. 1). Arg-MCA had no effect on the inhibition of
sperm±oocyte binding (Fig. 3).
Effects of Aminopeptidase Inhibitors on
Suppression of the Acrosome Reaction
Acrosome-intact sperm can not bind to Mytilus oocytes
(Togo et al., 1995). In order to elucidate the relationship
between the inhibition of sperm±oocyte binding and sup-
pression of the acrosome reaction, the effects of protease
inhibitors and substrates on suppression of the acrosome
reaction were investigated. When unfertilized oocytes were
inseminated at a Rs/o of 3000, the rate of sperm with reacted
acrosomes was 76.7 { 7.5% (n  3), whereas it was 26.9 {
2.9% (n  3) when fertilized oocytes were washed and then
re-inseminated at the same Rs/o 10 min after initial insemi-
nation. However, the rates were 68.3 { 6.7 (n  3), 62.3 {
3.3 (n  3), and 65.2 { 5.3% (n  3) when unfertilized
oocytes were incubated with amastatin (10 mM), bestatin
FIG. 4. Effects of aminopeptidase inhibitors and substrate on sup-(10 mM), and Leu-MCA (100 mM) for 10 min, respectively,
pression of the acrosome reaction. Unfertilized oocytes were in-then inseminated, and ®nally re-inseminated at a Rs/o of
seminated, and the percentage of the sperm that were acrosome3000 (Fig. 4). These results suggest that aminopeptidase-
reacted was determined (initial insemination). Unfertilized oocyteslike protease is involved in suppression of the acrosome
were incubated with amastatin, bestatin, or Leu-MCA, then insem-
reaction (Fig. 4), resulting in inhibition of sperm±oocyte inated. After washing, the fertilized oocytes were re-inseminated
binding (see the results in Figs. 1, 2, and 3). and the percentages of acrosome-reacted sperm were determined
after the gametes were ®xed. Values are the means { SEM of three
Hydrolytic Activities of the Fertilization Product experiments.
In order to determine whether aminopeptidase-like prote-
ase is released from oocytes, unfertilized oocytes suspended
in FNSW were inseminated, and a supernatant solution was
obtained by centrifugation and ®ltration of the suspension.
The aminopeptidase substrates Leu-MCA, Phe-MCA, and
Ala-MCA were hydrolyzed strongly by this supernatant so-
lution, whereas others were not the substrates for it (Fig.
5). The sup of UF showed no hydrolytic activity against any
of the peptidyl MCA substrates examined (data not shown).
In order to eliminate the possibility that the enzyme activ-
ity originated from sperm, sperm were induced acrosome
reaction by adding CaCl2 and then ®ltered and dialyzed
against FNSW (see Materials and Methods). This solution,
which contained acrosome reaction product, had little hy-
drolytic activity against any peptidyl MCA substrate (data
not shown).
The hydrolytic activity of the supernatant solution ob-
tained from fertilized oocytes against Leu-MCA was inhib-
ited strongly by amastatin (10 mM), an aminopeptidase in-
hibitor, and phenanthroline (1 mM), a chelator of Zn2/ (Fig.
6). Two other aminopeptidase inhibitors, actinonin (10 mM)
and bestatin (10 mM), and some serine protease inhibitors,
3,4-DIC (100 mM), leupeptin (100 mM), and TPCK (100 mM),
FIG. 3. Effects of various concentrations of protease substrates on
also had inhibitory effects. Other inhibitors, aprotinin (2the inhibition of sperm±oocyte binding. Unfertilized oocytes were
mg/ml), chymostatin (100 mM), E-64 (10 mM), pepstatin (1incubated with various concentrations of Leu-MCA (j) or Arg-
mM), PMSF (1 mM), SBTI (1 mg/ml), and TLCK (100 mM)MCA (L) and then inseminated. Procedures for re-insemination,
had little or no inhibitory effects on the hydrolytic activity.counting of sperm bound to the oocyte, and de®nition of relative
sperm binding are as described in the legend to Fig. 1. These ®ndings suggest that this supernatant solution con-
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reduced the hydrolytic activity of the FP against Leu-MCA
(Fig. 8, see also Fig. 6).
Additional experiments were carried out to determine
whether the FP suppressed the acrosome reaction (Fig. 9).
The rate of acrosome-reacted sperm was 66.1 { 3.7% (n 
3) when unfertilized oocytes were incubated with the sup
UF, but it declined to 49.2 { 2.0% (n  3) and 28.8 { 7.4%
(n 3) when unfertilized oocytes were incubated with crude
(11) and concentrated (110) FP, respectively. These results
suggest that the FP, released from oocytes at fertilization,
affects the oocytes surface, resulting in inhibition of sperm±
oocyte binding by suppressing the acrosome reaction.
Correlation between Protease Release and
Inhibition of Sperm±Oocyte Binding
As shown in Fig. 10A, the hydrolytic activity of FP against
Leu-MCA collected at various times after insemination was
increased: it was 68.9% at 2 min and reached a plateau by
5 min. In contrast, relative sperm binding to the re-insemi-
nated oocytes decreased from 1.00 (control) to 0.46, 0.32,
0.31, and 0.32 when the fertilized oocytes were re-insemi-
nated at 1, 2, 5, or 10 min, respectively (Fig. 10B). The re-
lease of protease into seawater was delayed relative to the
FIG. 5. Hydrolytic activities of the fertilization product (FP) kinetics of the inhibition of sperm±oocyte binding after
against peptidyl MCA substrates. The relative activity indicates fertilization (Fig. 10). The different kinetic pro®les may be
the activity against each substrate as a percentage of that against attributable to the activity of the enzyme diffused into sea-Leu-MCA. Boc, t-butyloxycarbonyl; Suc, succinyl.
water being measured continuously after the enzyme had
affected the oocyte surface and polyspermy block may have
been complete within a short time.
tained a factor, named the fertilization product (FP), which
effectively blocked the acrosome reaction, and appeared to
be aminopeptidase-like protease.
Effects of the Fertilization Product on Sperm±
Oocyte Binding and the Acrosome Reaction
When unfertilized oocytes were incubated for 10 min
with the FP, at various concentrations, washed, and insemi-
nated, the number of sperm bound to the oocytes decreased
as the FP concentration increased (Fig. 7). Neither sup of
UF nor the FP boiled for 5 min at 1007C inhibited sperm±
oocyte binding (data not shown). When dry sperm were sus-
pended at the ®nal sperm concentration of 3 1 108/ml in
FP, incubated for 10 min, and inseminated (®nal Rs/o 
5000), the number of sperm bound to the oocytes was not
reduced (data not shown).
We also investigated the effect of the FP on sperm±oocyte
binding in the presence of protease inhibitors (Fig. 8). As
described above, the number of sperm bound to the oocytes
declined (relative sperm binding, 0.47 { 0.05, n  4) com-
pared with the control, when unfertilized oocytes were FIG. 6. Effects of protease inhibitors on the hydrolytic activity of
treated with concentrated FP (110) for 10 min. However, the FP against Leu-MCA. Remaining activity (%) indicates hy-
the capacity of the FP to block sperm±oocyte binding de- drolytic activity in the presence of an inhibitor relative to that in
its absence (control).creased in the presence of several protease inhibitors that
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DISCUSSION
Aminopeptidase is an exopeptidase that catalyzes the hy-
drolysis of amino acids from the N-terminal ends of poly-
peptide chains and is known to be a metalloenzyme con-
taining Zn2/ as essential metal ions. The existence of
aminopeptidase in the gametes of the bull and the sea ur-
chin has been reported (Meizel and Cotham, 1972; Yasuhara
et al., 1983, 1990, 1991), but its only known function in
gametes is that it contributes to sperm respiration; as an
aminopeptidase inhibitor, bestatin methyl ester was found
to inhibit the aminopeptidase activity and respiration of sea
urchin sperm (Yasuhara et al., 1991).
In our previous study, we showed that supernumerary
sperm could gain access to fertilized oocytes, but could not
undergo the acrosome reaction, resulting in inhibition of
sperm±oocyte binding (Togo et al., 1995). In this study, we
showed that (1) inhibition of sperm±oocyte binding through
suppression of the acrosome reaction after fertilization did
not occur in the presence of aminopeptidase inhibitors or
substrates (Figs. 1±4), (2) oocytes released aminopeptidase-
FIG. 8. Effects of protease inhibitors on the inhibition of sperm±like protease following fertilization (Figs. 5, 6, and 10), and
oocyte binding by the FP. Unfertilized oocytes were treated with(3) incubation of unfertilized oocytes with aminopeptidase-
concentrated FP (110) in the absence or the presence of variouslike protease released from oocytes reduced both the num-
protease inhibitors. After washing, the oocytes were inseminated.ber of sperm bound to the oocytes and the acrosome reac-
Relative sperm binding and number of experiments are as statedtion rate (Figs. 7, 8, and 9). From these results, we concluded
in the legend to Fig. 7.
that aminopeptidase-like protease released from oocytes at
fertilization affects the oocyte surface, resulting in inhibi-
tion of sperm±oocyte binding by suppressing the acrosome
reaction.
Although the acrosome reaction is suppressed consider-
ably after fertilization, some sperm could undergo the acro-
some reaction and bind to fertilized oocytes (Figs. 1±4 and
10; see also Togo et al., 1995). However, polyspermy can be
blocked completely, and there are two strategies in slow
polyspermy block mechanisms in Mytilus: suppression of
the acrosome reaction and subsequent inhibition of mem-
brane fusion (Togo et al., 1995). Therefore, if some acro-
some-reacted sperm can adhere to the oocyte surface, the
second blocking mechanism, i.e., inhibition of membrane
fusion, should ensure blockage by suppressing the acrosome
reaction. The ®nding that enhancement of the acrosome
reaction of re-inseminated sperm resulted in a high rate of
polyspermy (Kyozuka and Osanai, 1994) also suggests that
monospermy is ensured by the collaboration of two strate-
giesÐsuppression of the acrosome reaction of the supernu-
merary sperm and blockage of sperm entry at the oocyte
plasma membrane.
FIG. 7. Sperm binding to oocytes treated with various concentra- Proteases, localized in the cortical granules of sea urchin
tions of FP. Unfertilized oocytes were treated with various concen-
eggs, are released by the cortical reaction and, involved intrations of FP and then washed. The FP-treated oocytes were insem-
the blockage and/or loss of sperm±oocyte binding throughinated and ®xed, and then the number of sperm bound to the oo-
degradation of the sperm receptor, thereby inhibit sperm±cytes (mean { SEM of four experiments) was counted. Relative
oocyte binding (Schuel et al., 1973; Vacquier et al., 1973;sperm binding is the ratio of the number of sperm bound to FP-
treated oocytes to that to FP-untreated oocytes. Glabe and Vacquier, 1978). In the mouse, protease and gly-
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cosidase are released from the cortical granules at fertiliza-
tion and modify the zona pellucida so that sperm can no
longer bind to and penetrate it (Florman and Wassarmann,
1985; Moller and Wassarmann, 1989; Miller et al., 1993).
Protease and glycosidase localized in the perivitelline space
and in the cortical granules of Xenopus are released at fertil-
ization and are involved in conversion of the vitelline coat
to the fertilization envelope (Greve et al., 1985; Lindsay and
Hedrick, 1989; Lindsay et al., 1992). Although no morpho-
logical changes in the oocyte cortex such as cortical reaction
were observed in ascidians (Rosati et al., 1977), enzyme
participation in the polyspermy block mechanism has been
demonstrated: glycosidase anchored to the oocyte surface
via glycosylphosphatidylinositol was cleaved rapidly fol-
lowing fertilization, and the soluble form of the enzyme
modi®ed the vitelline coat so that supernumerary sperm
failed to bind (Lambert, 1986, 1989; Lambert and Goode,
1992). No morphological changes were observed in the oo-
cyte cortices at fertilization of many bivalve species, includ-
ing Mytilus (reviewed by Longo, 1983; see also Alliegro and
Wright, 1983; Longo et al., 1993; DeÂsilets et al., 1995); how-
ever, our present study showed aminopeptidase-like prote-
ase participates in the polyspermy block mechanism in
Mytilus.
Recently, we demonstrated aminopeptidase activity on
the surface of Mytilus sperm: Leu-MCA was hydrolyzed
strongly when it was added to a sperm suspension (Togo and
Morisawa, unpublished data). Furthermore, the acrosome
reaction rate was reduced in the presence of aminopeptidase
inhibitors, although fertilization was not inhibited (Togo
and Morisawa, unpublished data): the rates were 29 and
FIG. 10. Appearance of hydrolytic activity of the FP (A) and inhibi-
tion of sperm±oocyte binding (B) after fertilization. (A) Superna-
tants of unfertilized (time 0) and fertilized oocytes were collected
at the indicated times after insemination, and their aminopeptidase
activities were assayed by measuring ¯uorescence due to liberated
AMC. The relative hydrolytic activities against Leu-MCA are per-
centages of the activity measured 10 min after insemination. (B)
Fertilized oocytes were re-inseminated at appropriate times, and
sperm bound to the oocytes were counted after ®xation. Time zero
represents sperm binding when unfertilized oocytes were insemi-
nated.
30% in the presence of amastatin and bestatin (both 10
mM), whereas the control value was 68%. This suggests that
aminopeptidase located on the sperm surface may interact
with a substrate on the oocyte surface during the acrosome
reaction. It seems likely that binding of aminopeptidase-
like protease released from the oocyte to a substrate onFIG. 9. Suppression of the acrosome reaction with unfertilized
the oocyte surface competitively inhibits binding of spermoocytes which had been incubated with the FP. Unfertilized oo-
aminopeptidase to the oocyte surface, resulting in inhibi-cytes were treated with the FP and then washed. The oocytes were
tion of sperm±oocyte binding through suppression of theinseminated, and then the rate of acrosome-reacted sperm (mean
{ SEM of three experiments) was determined after ®xation. acrosome reaction.
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Focarelli, R., and Rosati, F. (1995). The 220-kDa vitelline coat glyco-So far, study of the acrosome reaction in bivalves has been
protein mediates sperm binding in the polarized egg of Uniolimited to the morphological aspects (reviewed by Longo,
elongatulus through O-linked oligosaccharides. Dev. Biol. 171,1983), and the identity of acrosome reaction-inducing sub-
606±614.stance has not been established. Recently, the glycoprotein
Focarelli, R., Rosa, D., and Rosati, F. (1991). The vitelline coatin the vitelline coat named gp220 was identi®ed as the acro-
spikes: A new peculiar structure of Mytilus galloprovincialis eggs
some reaction-inducing substance in the freshwater bivalve with a role in sperm-egg interaction. Mol. Reprod. Dev. 28, 143±
Unio (Focarelli and Rosati, 1995). On the other hand, acro- 149.
some reaction in Mytilus galloprovincialis was reported to Glabe, C. G., and Vacquier, V. D. (1978). Egg surface glycoprotein
be triggered when sperm recognized N-acetylgalactosamine receptor for sea urchin sperm bindin. Proc. Natl. Acad. Sci. USA
(GalNAc) residues on the oocyte surface (Focarelli et al., 75, 881±885.
Greve, L. C., Prody, G. A., and Hedrick, J. L. (1985). N-Acetyl-b-1991). In our preliminary study on M. edulis, however, nei-
D-glucosaminidase activity in the cortical granules of Xenopusther fertilization nor sperm±oocyte binding were inhibited
laevis eggs. Gamete Res. 12, 305±312.in the presence of 50 mM GalNAc, and treatment of oocytes
Jaffe, L. A., and Gould, M. (1985). Polyspermy-preventing mecha-with GalNAc-binding lectins (Dolichos bi¯orus agglutinin
nisms. In ``Biology of Fertilization'' (C. B. Metz and A. Monroy,and soybean agglutinin, both 100 mg/ml) did not inhibit
Eds.), Vol. 3, pp. 223±250. Academic Press, New York.these processes (Togo and Morisawa, unpublished data). In
Kyozuka, K., and Osanai, K. (1994). Functions of the egg envelope
the present study on M. edulis, we showed that aminopepti- of Mytilus edulis during fertilization. Bull. Mar. Biol. Stn. Asa-
dase-like protease released from oocytes at fertilization af- mushi, Tohoku Univ. 19, 79±92.
fects an unknown substrate on the oocyte surface and inhib- Lambert, C. C. (1986). Fertilization-induced modi®cation of
its sperm±oocyte binding by suppressing the acrosome reac- chorion N-acetylglucosamine groups blocks polyspermy in ascid-
tion. The substrate for this aminopeptidase-like protease ian eggs. Dev. Biol. 116, 168±173.
Lambert, C. C. (1989). Ascidian eggs release glycosidase activitymay be the acrosome reaction-inducing substance. Compet-
which aids in the block against polyspermy. Development 105,itive binding of aminopeptidase-like protease from the oo-
415±420.cyte and sperm aminopeptidase to the acrosome reaction-
Lambert, C. C., and Goode, C. A. (1992). Glycolipid linkage of ainducing substance may be one of the polyspermy blocking
polyspermy blocking glycosidase to the ascidian egg surface. Dev.mechanisms in Mytilus.
Biol. 154, 95±100.
Lindsay, L. L., and Hedrick, J. L. (1989). Proteases released from
Xenopus laevis eggs at activation and their role in envelope con-
ACKNOWLEDGMENTS version. Dev. Biol. 135, 202±211.
Lindsay, L. L., Larabell, C. A., and Hedrick, J. L. (1992). Localization
We thank the staff of Misaki Marine Biological Station, The Uni- of a chymotrypsin-like protease to the perivitelline space of Xen-
versity of Tokyo, and Asamushi Marine Biological Station, Tohoku opus laevis eggs. Dev. Biol. 154, 433±436.
University, for supplying the mussels. Longo, F. J. (1983). Meiotic maturation and fertilization. In ``The
Mollusca'' (K. M. Wilbur, Ed.), Vol. 3, pp. 49±89. Academic Press,
New York.
Longo, F. J., Mathews, L., and Hedgecock, D. (1993). MorphogenesisREFERENCES
of maternal and paternal genomes in fertilized oyster eggs (Cras-
sostrea gigas): Effects of cytochalasin B at different periods duringAlliegro, M. C., and Wright, D. A. (1983). Polyspermy inhibition in
meiotic maturation. Biol. Bull. 185, 197±214.the oyster, Crassostrea virginica. J. Exp. Zool. 227, 127±137.
Matsuura, K., Sawada, H., and Yokosawa, H. (1993). Puri®cationDe Santis, R., Shirakawa, H., Nakada, K., Miyazaki, S., Hoshi, M.,
and properties of N-acetylglucosaminidase from eggs of the ascid-Marino, R., and Pinto, R. (1992). Evidence that metalloendopro-
ian, Halocynthia roretzi. Eur. J. Biochem. 218, 535±541.teases are involved in gamete fusion of Ciona intestinalis, As-
Meizel, S., and Cotham, J. (1972). Partial characterization of a newcidia. Dev. Biol. 153, 165±171.
bull sperm arylamidase. J. Reprod. Fertil. 28, 303±307.DeÂsilets, J., Gicquaud, C., and DubeÂ , F. (1995). An ultrastructural
Miller, D. J., Gong, X., Decker, G., and Shur, B. D. (1993). Egg corti-analysis of early fertilization events in the giant scallop, Placo-
cal granule N-acetylglucosaminidase is required for the mousepecten magellanicus (Mollusca, Pelecypoda). Inverteb. Reprod.
zona block to polyspermy. J. Cell Biol. 123, 1431±1440.Dev. 27, 115±129.
Moller, C. C., and Wassarmann, P. M. (1989). Characterization ofDufresne-DubeÂ , L., DubeÂ , F., Guerrier, P., and Couillard, P. (1983).
a proteinase that cleaves zona pellucida glycoprotein ZP2 follow-Absence of a complete block to polyspermy after fertilization of
ing activation of mouse eggs. Dev. Biol. 132, 103±112.Mytilus galloprovincialis (Mollusca, Pelecypoda) oocytes. Dev.
Roe, J. L., Farach, H. A., Strittematter, W. J., and Lennarz, W. J.Biol. 97, 27±33.
(1988). Evidence for involvement of metalloendoproteases in aFarach, H. A., Mundy, D. I., Strittmatter, W. J., and Lennarz, W. J.
step in sea urchin gamete fusion. J. Cell Biol. 107, 539±544.(1987). Evidence for the involvement of metalloendoproteases in
Rosati, F., Monroy, A., and De Prisco, P. (1977). Fine structuralthe acrosome reaction in sea urchin sperm. J. Biol. Chem. 262,
study of fertilization in the ascidian, Ciona intestinalis. J. Ul-5483±5487.
trastruct. Res. 58, 261±270.Florman, H. M., and Wassarmann, P. M. (1985). O-linked oligosac-
Schuel, H., Wilson, W. L., Chen, K., and Lorand, L. (1973). A tryp-charides of mouse egg ZP3 account for its sperm receptor activity.
Cell 41, 313±324. sin-like proteinase localized in cortical granules isolated from
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8483 / 6x19$$$$84 01-17-97 20:59:04 dbas
227Aminopeptidase and Polyspermy Block
unfertilized sea urchin eggs by zonal centrifugation. Role of the urchin sperm aminopeptidase: Comparative studies of sperm-
associated and -solubilized enzymes. Biochem. Int. 7, 593±598.enzyme in fertilization. Dev. Biol. 34, 175±186.
Yasuhara, T., Yokosawa, H., and Ishii, S. (1990). Puri®cation andTamaki, H., and Osanai, K. (1985). Re-initiation of meiosis in Myti-
characterization of an aminopeptidase from sperm of the sea ur-lus oocytes with acrosome reaction product of sperm. Bull. Mar.
chin, Strongylocentrotus intermedius. Ca2/-dependent substrateBiol. Stn. Asamushi, Tohoku Univ. 18, 11±23.
speci®city as a novel feature of the enzyme. J. Biochem. 107,Togo, T., Osanai, K., and Morisawa, M. (1995). Existence of three
273±279.mechanisms for blocking polyspermy in oocytes of the mussel
Yasuhara, T., Yokosawa, H., Hoshi, M., and Ishii, S. (1991). Involve-Mytilus edulis. Biol. Bull. 189, 330±339.
ment of a sperm aminopeptidase in fertilization of the sea urchin.Vacquier, V. D., Tegner, M. J., and Epel, D. (1973). Protease released
Experimentia 47, 100±103.from sea urchin eggs at fertilization alters the vitelline layer and
aids in preventing polyspermy. Exp. Cell Res. 80, 111±119. Received for publication July 15, 1996
Accepted November 27, 1996Yasuhara, T., Yokosawa, H., Hoshi, M., and Ishii, S. (1983). Sea
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8483 / 6x19$$$$84 01-17-97 20:59:04 dbas
